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We propose a novel model for the regulation of the p85/p110« phosphatidylinositol 3’-kinase. In insect cells,
the p110« catalytic subunit is active as a monomer but its activity is decreased by coexpression with the p85
regulatory subunit. Similarly, the lipid kinase activity of recombinant glutathione S-transferase (GST)-p110«
is reduced by 65 to 85% upon in vitro reconstitution with p85. Incubation of p110c/p85 dimers with phospho-
tyrosyl peptides restored activity, but only to the level of monomeric p110c. These data show that the binding
of phosphoproteins to the SH2 domains of p85 activates the p85/p110« dimers by inducing a transition from
an inhibited to a disinhibited state. In contrast, monomeric p110 had little activity in HEK 293T cells, and its
activity was increased 15- to 20-fold by coexpression with p85. However, this apparent requirement for p85 was
eliminated by the addition of a bulky tag to the N terminus of p110« or by the growth of the HEK 293T cells
at 30°C. These nonspecific interventions mimicked the effects of p85 on p110«, suggesting that the regulatory
subunit acts by stabilizing the overall conformation of the catalytic subunit rather than by inducing a specific
activated conformation. This stabilization was directly demonstrated in metabolically labeled HEK 293T cells,
in which p85 increased the half-life of p110. Furthermore, p85 protected p110 from thermal inactivation in
vitro. Importantly, when we examined the effect of p85 on GST-p110a in mammalian cells at 30°C, culture
conditions that stabilize the catalytic subunit and that are similar to the conditions used for insect cells, we
found that p85 inhibited p110«. Thus, we have experimentally distinguished two effects of p85 on p110a:
conformational stabilization of the catalytic subunit and inhibition of its lipid kinase activity. Our data
reconcile the apparent conflict between previous studies of insect versus mammalian cells and show that p110«

is both stabilized and inhibited by dimerization with p85.

Phosphatidylinositol (PI) 3’-kinases constitute a family of
enzymes that mediate intracellular signaling initiated by recep-
tor tyrosine kinases and heterotrimeric G-protein-coupled re-
ceptors. Activation of PI 3’-kinase leads to increases in the
intracellular levels of PI[3,4]P, and PI[3,4,5]P5, which are pre-
sumed second messengers (4). PI 3'-kinases have been impli-
cated in the control of proliferation, cytoskeletal organization,
apoptosis, and vesicular trafficking (6, 16, 20, 31, 46).

A classification of PI 3'-kinases has been described by Zvele-
bil and coworkers (48). The class I enzymes are heterodimeric
proteins that are composed of separate regulatory and catalytic
subunits and that utilize PI, PI[4]P, and PI[4,5]P, as substrates.
Class I enzymes include the p85/p110 PI 3'-kinase, which is
activated by binding to phosphotyrosyl proteins, and the p101/
p120 PI 3-kinase-y isoform, which is activated by By subunits
from trimeric G proteins (11, 13, 38, 39). Class II PI 3'-kinases
contain C-terminal C2 domains and preferentially utilize PI
and PI[4]P as substrates (24, 26, 43). Class III enzymes include
the yeast VPS34 and its mammalian homolog (35, 44) and
recognize PI but not higher-order phosphoinositides as sub-
strates.

Regulation of the p85/p110 PI 3’-kinase is complex. Two
homologous p85 regulatory subunits have been identified (9,
27, 36). Each contains an N-terminal SH3 domain followed by
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a proline rich domain, a breakpoint cluster region (BCR) ho-
mology domain, a second proline-rich domain, and two SH2
domains. Shorter forms (p55) lacking the SH3 and BCR ho-
mology domains have also been cloned (1, 29). All the p85/p55
proteins contain putative coiled-coil domains that mediate sta-
ble dimerization with the p110 catalytic subunit (7). The three
known isoforms of p110 catalytic subunits (p110«, p110B, and
p1103) contain closely spaced N-terminal binding sites for p85
and p21ras-GTP, as well as C-terminal kinase domains (12, 14,
18, 32, 42). In vitro studies have shown that the p85 SH3
domain binds to proline-rich peptides, the proline-rich do-
mains bind to SH3 domains from Fyn and Lyn, the BCR
homology domain binds to GTP-loaded CDC42, and the SH2
domains bind to tyrosyl phosphopeptides (3, 17, 37, 41, 47).
Each of these binding events activates p85/p110« PI 3'-kinase
in vitro, although it is not clear yet whether these distinct
activating interactions are redundant or additive (2, 10, 28, 47).
p110a binding to p2lras-GTP was also found to increase PI
3’-kinase activity in an in vitro assay using lipid vesicles as the
substrates (32). However, this increase in activity may reflect
the targeting of p110«a to the lipid vesicles, since nonisopreny-
lated GTP-ras binds to p110 but does not activate it in vitro.

The p85 regulatory subunit of PI 3’-kinase has been gener-
ally viewed as an activator of pl10«. Several groups have re-
ported that p110a is catalytically inactive as a monomer in Cos
cells and requires coexpression with p85 for activity (11, 18). In
fact, the p110«a binding domain from p85 (the inter-SH2 [iSH2]
domain) has been tethered to the N terminus of pl110a to
produce a constitutively active PI 3'-kinase (15). However,
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pl10a is active when expressed in baculovirus-infected Sf-9
cells (11). In addition, p110B is active as a monomer in HEK
293T cells (13). Interestingly, the studies reporting that p110«
is inactive as a monomer in mammalian cells used C-terminal
tags or C-terminally directed antibodies, whereas the study
reporting active monomeric p1108 used an N-terminal tag
inserted between residues 30 and 31 (11, 13, 15, 18).

In this study, we have examined the mechanism by which p85
regulates p110a activity. In insect cells, p110a is an active
monomer that is reversibly inhibited by stable binding to p85.
Activation of recombinant p85/p110a by phosphotyrosyl pro-
teins reflects a disinhibition of the p85/p110a dimer. In con-
trast, monomeric p110 had little activity in HEK 293T cells,
and its activity was increased 15- to 20-fold by coexpression
with p85. However, this requirement can be completely sup-
planted by either the addition of an N-terminal glutathione
S-transferase (GST) tag or culture of the mammalian cells at
30°C. Under conditions that stabilize monomeric p110a in
mammalian cells (GST-p110a in cells grown at 30°C), coex-
pression of GST-p110a with p85 causes an inhibition of activity
similar to that seen in insect cells. Our data show that p85 acts
by both stabilizing and inhibiting the p110«a catalytic subunit.

MATERIALS AND METHODS

Antibodies and Western blotting. Affinity-purified rabbit antibodies against
residues 324 to 721 of human p85 have been previously described (2). Antibodies
against p110a (AE-40) were produced by immunizing rabbits with a GST fusion
protein containing residues 1 to 140 of bovine p110a. The antibodies were affinity
purified with a column made by coupling the same GST fusion protein to Affigel
(Bio-Rad). All Western blots were visualized with primary and secondary anti-
bodies (where required) and '**I-protein A (New England Nuclear) and quan-
titated with a Molecular Dynamics PhosphorImager.

Mutagenesis of p85 and p110. Construction of N-terminally hemagglutinin
(HA)-tagged p85 has been previously described (33). Mutation of Ser-608 to
alanine was performed by the method of Kunkel et al. (23). Bovine p110a
(provided by M. Waterfield, Ludwig Institute for Cancer Research) was mutated
with the pALTER system (Promega). A new Xhol site was inserted between the
first and second codons of the p110a ¢cDNA, which allowed the insertion of
double-stranded cassettes between an upstream BamHI site and the Xhol site.
The cassettes contained an idealized Kozak sequence (21, 22) followed by the
initial ATG and the various epitope tags. The myc tag was inserted with anti-
complementary synthetic oligonucleotides. The Tris-HA tag was subcloned from
a vector provided by E. Skolnik, New York University, by PCR. The GST tag was
subcloned from the pGEX-2T vector (Pharmacia) by using PCR. The resulting
sequences, inserted immediately N-terminal to Pro-2 of p110a, were as follows:
p110a/N-myc-p110: MAEEQKLISEEDLRRG; 3HA-p110a: MPRGGGRIFYP
YDVPDTAGYPYDVPDYAGSTPYDVPDYAAQCGRARG; GST-p110a: M-
(GST)-LVPRGSRG. To produce C-terminally myc-tagged p110c, a new BglII
site was inserted immediately 5’ to the stop codon of the p110a cDNA, and an-
ticomplementary synthetic nucleotides were used to insert the sequence RSDLG
EQKLISEEDLG-STOP. All constructions were confirmed by sequencing. The
p110a cDNA constructs were subcloned into the pSGS5 expression vector (Strat-
agene) for expression in mammalian cells; the HA-p85 cDNA construct was
subcloned into the expression vector pPCMVhis (40). All plasmids were purified
by equilibrium centrifugation in CsCl.

Preparation of recombinant PI 3’-kinase in Sf-9 cells. The p85 and p110«a
gene constructs were subcloned into pBluebacllI (Invitrogen) and cotransfected
into Sf-9 cells with Baculogold (Pharmingen) linearized baculovirus DNA, which
contains a lethal mutation rescued by recombination with the baculovirus trans-
fer vector. Recombinant virus was amplified 2 or 3 times to produce high-titer
stocks. To produce the recombinant proteins, Sf-9 cells were grown in six-well
dishes and infected with recombinant baculovirus. After 3 days in culture, the
cells were washed in ice-cold phosphate-buffered saline and lysed by cycles of
freezing and thawing in 10 mM Tris (pH 7.4)-150 mM NaCl-1 mM EDTA-100
ug of aprotinin per ml-1 pg of leupeptin per ml-350 g of phenylmethylsulfonyl
fluoride per ml (baculolysis buffer). After removal of particulate material by
centrifugation at 12,000 X g, the lysates were assayed directly for PI 3’-kinase
activity with sonicated bovine liver PI (200 pg/ml) and ATP (45 uM) as described
by Ruderman et al. (34).

Purification of GST-p110. Sf-9 cells, grown in two 15-cm-diameter dishes, were
infected with GST-p110a baculovirus. After 48 h, the cells were lysed in 20 mM
Tris (pH 7.5)-137 mM NaCl-1 mM CaCl,-1 mM MgCl,-1% Nonidet P-40
(NP-40)-10% glycerol (NP-40 lysis buffer). After centrifugation at 12,000 X g to
remove particulate material, the lysate was passed twice over glutathione-Sepha-
rose, washed with 20 column volumes of 10 mM Tris (pH 7.4)-150 mM NaCl,
and eluted with 50 mM Tris (pH 7.4) containing 10 mM glutathione. The eluate
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was assayed directly for lipid kinase activity; control experiments showed that this
buffer did not affect the activity of recombinant p110a. Peak fractions were
assayed in the absence or presence of p85 as described above.

P85 and p110 mixing and coexpression experiments. Lysates from Sf-9 cells
expressing wild-type p85 or mutant p85 or lysates from uninfected Sf-9 cells
(approximately 20 pg of protein) were mixed with lysates from Sf-9 cells express-
ing wild-type or tagged p110a (approximately 60 ug of total protein). After 30
min on ice, the samples were assayed for PI 3'-kinase activity as described below.
Where indicated, the p85 was first immunopurified by absorption onto protein
A-Sepharose with an antibody that recognizes the C-terminal SH2 domain of p85
antibody; we have previously shown that this antibody does not affect p85/p110
activity (25). p110 activity was measured in the presence of the washed p85/
protein A beads. Alternatively, Sf-9 cells were coinfected with baculovirus coding
for p110a and p85. Duplicate samples were assayed for PI 3’-kinase activity as
previously described (34); assays used mixtures including 10 mM MgCL,, 40 uM
ATP containing 20 pCi of [**P]ATP/assay, and 200 uM PI. Background lipid
kinase activity present in lysates from uninfected Sf-9 cells was subtracted.
Parallel samples were assayed for pl10a expression by immunoblotting with
anti-p110a antibodies. For analysis of PI[4]P and PI[4,5]P, phosphorylation,
assays contained sonicated mixtures of 10 pg of phosphatidylserine, 5 ug of PI,
and 10 pg of either PI[4]P or PI[4,5]P, and were conducted with 500 .M ATP.
After extraction in acidic chloroform-methanol (1:1), the organic phase was
washed with 1 volume of synthetic upper phase and analyzed by thin-layer
chromatography in 1-propanol-2 M acetic acid (65:35).

PI 3’-kinase kinetic analysis. Recombinant p110a monomers were incubated
in the absence or presence of wild-type or mutant p85 as described above and
then incubated for an additional 60 min in the absence or presence of a 1 uM
concentration of a bisphosphopeptide derived from p85 binding sequences in
IRS-1 [DD(P)YMPMSPGAGAGAGAGAGNGD(P)YMPMSPKS] (33). For
the kinetic analysis with variable lipid concentrations (Fig. 2 and Table 1), the
mixtures were assayed in a solution containing 10 mM MgCl,, 1 mM ATP, 20 pCi
of [**P]ATP per assay, and 0 to 1,000 uM PIL. For the kinetic analysis with
variable ATP, the mixtures were assayed in a solution containing 10 mM MgCl,,
20 pCi of [*>P]JATP per assay, 400 uM phospholipid, and 0 to 600 uM ATP.
After 10 min at 22°C, the lipids were extracted and lipid kinase activity was
measured (34). Incorporation of [*?P]JATP into the phospholipid was quantitated
with a Molecular Dynamics PhosphorImager, and the result was converted to
counts per minute by quantifying serial dilutions of [**P]ATP with the Phosphor-
Imager. All determinations were made in duplicate. Kinetic analysis was per-
formed with Kaleidograph software.

Analysis of p85 serine phosphorylation. Sf-9 cells were infected with p85
baculovirus. After 48 h, the cells were washed into phosphate-free Graces me-
dium and incubated with [3?PJorthophosphate (0.5 mCi/ml) for 4 h. The cells
were lysed as described above in baculolysis buffer containing 100 mM NaF, 10
mM sodium pyrophosphate, and 100 wM orthovanadate. Alternatively, the cells
were lysed in buffer without phosphatase inhibitors and then incubated for 1 h at
30°C in 2 mM dithiothreitol-2 mM MnCL-0.5 pg of recombinant protein phos-
phatase 1 (provided by Z.-Y. Zhang, Albert Einstein College of Medicine). The
proteins were diluted to 0.5 ml, immunoprecipitated with anti-p85 antibody and
protein A-Sepharose, eluted in sample buffer, and separated by reducing sodium
dodecyl sulfate-7.5% polyacrylamide gel electrophoresis (SDS-7.5% PAGE).
Proteins were visualized by autoradiography, and **P incorporation was quanti-
tated with a Molecular Dynamics PhosphorImager.

Production of recombinant PI 3'-kinase in HEK 293T cells. Confluent HEK
293T cells (provided by J. Krolewski, Columbia University) were split 1:10 24 h
prior to transfection, preincubated in 25 uM chloroquine, and transfected with
30 to 45 pg of expression vectors for N-myc-p110a, C-myc-p110a, 3HA-p110c,
GST-p110a, and p85 or with empty vector by a calcium-phosphate precipitation
method. After 48 h the cells were solubilized, and PI 3'-kinase was immunopre-
cipitated with monoclonal anti-myc antibody (9E10; Oncogene Science), mono-
clonal anti-HA antibody (12CAS5), or polyclonal anti-GST antibody (Pharmacia).
After absorption of the lysate to protein G-Sepharose beads (Pharmacia), the
beads were washed and lipid kinase activity was determined as described by
Ruderman et al. (34), with quantitation with a Molecular Dynamics Phosphor-
Imager. All determinations were made in triplicate. Immunoprecipitates from
parallel samples were blotted with anti-p110« or anti-p85 antibodies.

Metabolic labeling experiments. HEK 293T cells were transfected with ex-
pression vectors for C-myc-p110 in the absence or presence of p85 as described
above. Thirty-six hours after transfection, the cells were incubated in methionine-
free medium containing 10% fetal bovine serum and 0.1 mCi of [**S]methionine
for 16 h. The cells were then washed with phosphate-buffered saline and lysed or
incubated for various times in complete medium supplemented with 10X me-
thionine. The cells were lysed, and proteins were immunoprecipitated with anti-
myc antibodies and protein G-Sepharose beads eluted, separated by SDS-PAGE,
and visualized by autoradiography.

Heat inactivation. Recombinant wild-type p110 was produced in Sf-9 cells and
incubated in buffer without or with recombinant p85 for 1 h at 4°C. The samples
were then shifted to the indicated temperatures for 30 min, chilled on ice, and
assayed for lipid kinase activity as described above.
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FIG. 1. Expression of p110a in Sf-9 cells. (A) Control Sf-9 cells or p110a
baculovirus-infected Sf-9 cells were additionally infected without the p85 bacu-
lovirus or not infected. The cells were lysed, and PI 3'-kinase activities in the
lysate were measured. (B) Western blot of parallel samples with anti-p110a
antibody. (C) Left panel: control Sf-9 lysates, lysates from cells expressing GST-
p110a, or glutathione-Sepharose-purified GST-p110« was mixed with lysates
from cells expressing p85 as indicated. Lipid kinase activity was then measured.
Right panel: control Sf-9 lysates, lysates from cells expressing GST-p110a, or
glutathione-Sepharose-purified GST-p110a was mixed with immunopurified p85
as indicated, and PI 3’-kinase activities were measured. All determinations were
made in triplicate, and the data are the means * standard errors of the means
from three experiments.

RESULTS

p110« is active as a monomer in insect cells and is inhibited
by coexpression or reconstitution with p85. We examined the
effects of p85 on pl10« activity by using recombinant proteins
expressed in baculovirus-infected Sf-9 cells. p110a showed sig-
nificant activity in the absence of p85, consistent with previous
reports (11) (Fig. 1A). Coexpression with p85 increased the
amount of pl10a protein in Sf-9 lysates (Fig. 1B) but de-
creased its activity dramatically (Fig. 1A), suggesting that
p110a was inhibited by p85.

We reconstituted the p85-induced inhibition of p110a by
producing the proteins separately in Sf-9 cells and then mixing
them in vitro; p110a could be immunoprecipitated with anti-
p85 antibodies under these conditions, demonstrating that the
two formed a complex (data not shown). Incubation of GST-
p110a with HA-tagged p85 caused an 80% decrease in lipid
kinase activity (Fig. 1C, lane c). To show that the inhibition was
not due to contaminating factors in the Sf-9 cytosol, we puri-
fied an identical amount of GST-p110a by absorption on glu-
tathione-Sepharose beads. Total p110a activity was reduced
slightly, reflecting the loss of some GST-p110a from the beads
during the washes (lane d). However, the purified GST-p110a
was still inhibited by incubation with p85 (lanes e and j). Sim-
ilarly, we purified p85 by absorption with a highly specific anti-
p85 antibody and showed that the immunopurified p85 inhib-
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ited GST-p110« activity in Sf-9 lysates (lane h) and in gluta-
thione-Sepharose-purified GST-p110a (lane j). These data
show that the inhibition of p110a by p85 does not require
coexpression, as has been previously suggested (45). Moreover,
purification of p110a and p85 had no effect on the inhibition of
p110a by p85. Subsequent experiments were performed with
pl10a and p85 in Sf-9 lysates, as purified GST-p110a was
unstable and lost activity rapidly with storage (data not shown).

We measured the activity of p110« and p85/p110a dimers in
the absence or presence of a bisphosphopeptide that activates
heterodimeric PI 3’-kinase in vitro (33). Substrate velocity
curves, measured in the presence of 1 mM ATP or 400 uM
sonicated PI, were obtained for PI and ATP, respectively. A
representative curve for PI is shown in Fig. 2, and the calcu-
lated kinetic data are shown in Table 1. The addition of p85 to
pl110a significantly decreased the utilization of both PI and
ATP as substrates. Relative V.. /K, values for PI and ATP
decreased by 85 and 60%, respectively, compared to those seen
with p110a monomers. The addition of bisphosphopeptide
(Fig. 2A; Table 1) restored the relative V. ./K,,, values for lipid
and ATP to 75 and 95%, respectively, of those seen with p110a
monomers. However, the activity of p85/p110a dimers in the
presence of activating phosphopeptide was never greater than
the activity of an equivalent amount of monomeric p110a. The
activity of monomeric p110a was not affected by phosphopep-
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FIG. 2. Lipid kinase activities of p110a monomers and p85/p110a dimers.
(A) N-myc p110a monomers were incubated for 30 min at 4°C in the absence or
presence of p85 and then incubated for an additional 60 min at 4°C in the
absence or presence of 1 uM bisphosphopeptide. The mixtures were assayed in
the presence of 0 to 1,000 M PI and 1 mM ATP. After 10 min at 22°C, the lipids
were extracted and analyzed as described in Materials and Methods. All deter-
minations were performed in duplicate, and the data are the means from three
separate experiments. Curves represent the best Michaelis-Menten fit and were
generated with Kaleidograph software. (B) N-myc-p110 monomers or p85/N-
myc-p110 dimers were incubated in the absence or presence of phosphopeptide
as described above. The samples were assayed with sonicated mixtures of PLPS
and either PI[4]P or PI[4,5]P, as described in Materials and Methods. The data
are the means * standard errors of the means for two (PIP) or three (PIP,)
experiments.
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TABLE 1. Kinetic analysis of p110 activity”

Kinetic data for assay with variable amounts of:

Protei PI ATP
rotein
K, Viax — ViadKn Ky Vinax — Vinax/Kin
(M) (relative) (relative) (uM)  (relative) (relative)
pl10 415 = 161 100 0.24 99 + 23 100 1.01
pl10/p85 512+ 151 205*=83 0.04 130 *+19 485*20 037
pl10/p85 + 492 = 117 89.9 = 18 0.18 58+ 12 54511 0.95
phospho-
peptide

“ p110 monomers were incubated in the absence or presence of p85 and then
incubated for an additional 60 min in the absence or presence of 1 pM bisphos-
phopeptide. The mixtures were assayed in the presence of 0 to 1,000 uM PI (in
the presence of 1 mM ATP) or 0 to 600 uM ATP (in the presence of 400 pM
phospholipid). After 10 min at 22°C, the lipids were extracted and analyzed as
described in Materials and Methods. The relative V/,,, values in each experiment
were determined by defining the V., of p110 as 100%. All determinations were
made in duplicate, and the data are the means * standard errors of the means
of the K, and relative V. values from each of 3 or 4 experiments with each
substrate. Incorporation of [*?PJATP into the phospholipid was quantitated with
a Molecular Dynamics PhosphorImager and normalized to serial dilutions of
[**P]ATP. The actual V,,,, of p110 was 0.43 = 0.07 nmol/min/mg, based on an
estimation of p110 from silver staining. The kinetic analysis was performed with
Kaleidograph software.

tide (data not shown). The inhibition of p110a by p85 was
confirmed by using PI[4]P and PI[4,5]P, as the substrates (Fig.
2B). The addition of p85 inhibited p110a activity by 50 and
70% with PI[4]P and PI[4,5]P,, respectively. The addition of
bisphosphopeptide increased the activity of p85/p110a dimers
to 108 and 50%, respectively, of that seen with p110a mono-
mers.

These data suggest that p85 inhibits the activity of p110a.
Subsequent activation of p85/p110a dimers by IRS-1 or phos-
phopeptides reflects a disinhibition of p110« rather than a true
increase in activity relative to p110a monomers.

Inhibition of p110« by p85 is independent of serine or threo-
nine phosphorylation. Dhand et al. identified Ser-608 in the
iSH2 domain of p85 as an inhibitory regulatory site (8). To
determine whether the observed inhibition of p110a could be
due to phosphorylation of Ser-608, we mutated the residue to
alanine. The p85-S608A mutant was expressed in Sf-9 cells as
an 85-kDa polypeptide (Fig. 3A) and showed no differences in
binding to p110a when compared to wild-type p85 (Fig. 3B).
p85-S608A was indistinguishable from wild-type p85 with re-
gard to inhibition of p110«a; this was observed when mono-
meric pl10a was mixed in vitro with either p85 from Sf-9
lysates (Fig. 3C) or immunopurified p85 (Fig. 3D). Similarly,
coinfection of Sf-9 cells with either wild-type p85 or p85-S608A
increased pl10a expression (Fig. 3E, inset) but decreased
pl10a activity (Fig. 3E). p85-S608A/p110a dimers could be
activated by phosphopeptides to the same extent as wild-type
p85/p110a dimers (Fig. 3F). Although it is possible that phos-
phorylation of Ser-608 has an additional inhibitory function in
the regulation of p110a, these data show that the inhibition
observed here does not depend on the phosphorylation of this
residue.

To determine whether other potential phosphorylation sites
could account for the observed inhibition of p110a by p85, we
labeled p85-infected Sf-9 cells with [*?*PJorthophosphate and
immunoprecipitated them with anti-p85 antibodies. p85 was
phosphorylated in Sf-9 cells but could be completely dephos-
phorylated by treatment with protein phosphatase 1 (Fig. 4A).
Dephosphorylated p85 was fully capable of inhibiting p110«
when mixed with the enzyme in vitro (Fig. 4B). Our data
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suggest that phosphorylation of p85 is not required for its
inhibition of p110a.

Activity of monomeric p110a in mammalian cells: require-
ment for p85 is supplanted by bulky N-terminal tags. In con-
trast with the data from insect cells, several laboratories have
suggested that p110a expressed in mammalian cells is inactive
as a monomer and requires binding to p85 for activity (11, 18).
However, p110B is highly active as a monomer in mammalian
cells (13). Although the reason for these discrepancies has not
been clear, we noted that the studies examining p110a used
C-terminal epitope tags, whereas the study with p110g used an
N-terminal tag, a Tris-HA cassette inserted between residues
30 and 31.

We reexamined this question with HEK 293T cells by tran-
siently expressing bovine pl110a containing an epitope tag at
either its N or C terminus. In agreement with previous reports,
C-terminally myc-tagged p110a had little activity as a mono-
mer, but its specific activity was increased nearly 20-fold by
coexpression with p85 (Fig. 5A). Interestingly, placement of
the myc tag at the N terminus of p110«a increased its specific
activity eightfold relative to the activity of C-myc-110. The
specific activity of N-myc-p110a was increased approximately
threefold more by coexpression with p85, i.e., to a level similar
to that seen in cells transfected with C-myc-p110a and p85.

We next compared the activities of p110a isoforms contain-
ing various N-terminal tags. p110«a was modified by the addi-
tion of myc, Tris-HA, or GST tags as indicated and expressed
in HEK 293T cells. As seen before, placement of the myc tag
at the N terminus of p110a increased its activity by approxi-
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FIG. 3. Inhibition of p110a by p85-S608A. (A) Expression of wild-type p85
and p85-S608A in Sf-9 lysates was measured by blotting with anti-p85 antibody.
(B) Wild-type p85 and p85-S608A were immobilized on anti-p85-protein A-
Sepharose beads, incubated with lysates from cells expressing N-myc-p110a,
washed, and assayed for lipid kinase activity. Lipid kinase activity bound to
wild-type p85 was defined as 100%. (C) Lysates from Sf-9 cells expressing
N-myc-p110a were incubated in the absence or presence of wild-type p85 or
p85-S608A and then assayed for lipid kinase activity (expressed as a percentage
of lipid kinase activity in the absence of p85). (D) Lysates from Sf-9 cells
expressing N-myc-p110a were incubated in the absence or presence of immu-
nopurified wild-type p85 or p85-S608A and then assayed for lipid kinase activity
(expressed as in panel C). (E) Sf-9 cells were infected with N-myc-p110a alone
or were coinfected with wild-type p85 or p85-S608A. Lipid kinase activity in the
cell lysates was determined (expressed as in panel C). Inset: p110a expression
was determined by blotting with anti-p110a antibody. (F) Lysates containing
N-myc-p110« and wild-type p85 or p85-S608A were incubated in the absence or
presence of bisphosphopeptide (1 wM) for 1 h, and lipid kinase activity was
determined. Activation was expressed as fold stimulation over activity in the
absence of phosphopeptide. All determinations were made in duplicate or trip-
licate, and the data are the means * standard errors of the means of four
separate experiments.
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FIG. 4. Inhibition of p110a by dephosphorylated p85. (A) Forty-eight hours
after infection with p85 baculovirus, Sf-9 cells were labeled with [*?P]orthophos-
phate for 4 h. The cells were lysed, treated with recombinant protein phospha-
tase 1 (0.5 pg) or not treated, and immunoprecipitated with anti-p85-protein
A-Sepharose beads. Proteins were eluted and separated by SDS-PAGE, and the
dried gel was visualized by autoradiography and quantitated with a Molecular
Dynamics PhosphorImager. (B) Lysates from Sf-9 cells expressing p85 were
treated in the absence or presence of recombinant protein phosphatase 1 (0.5
ug). p85 was purified by absorption on anti-p85-protein A-Sepharose beads and
mixed with p110c, and lipid kinase activity was determined. All determinations
were made in triplicate, and the data are the means *+ standard errors of the
means of two separate experiments.

mately eightfold relative to C-myc-p110«a (Fig. 5B). However,
an N-terminal Tris-HA cassette (38 amino acids) increased
activity by 20-fold relative to C-myc-pl10a, whereas an N-
terminal GST tag increased activity by 45-fold (Fig. 5B). It
should be noted that the expressed proteins were immunopre-
cipitated with different antitag antibodies, making it difficult to
directly compare their expression levels. Nonetheless, the im-
munoprecipitates were assayed under identical conditions and
were subjected to blotting with the same anti-p110 antibody.
Thus, the determination of p110 specific activity was unaf-
fected by potential differences in recovery during immunopre-
cipitation.

These data suggest that in mammalian cells, the attachment
of a bulky N-terminal tag to the amino terminus of p110a can
substitute for p85, which also binds to the N terminus of p110a.
We therefore examined the effect of p85 on the C-myc-p110
and GST-p110 constructs. HEK 293T cells were transfected
with C-myc-p110 and GST-p110 (30 and 5 ng of DNA, respec-
tively) in the absence or presence of p85. Both constructs could
associate with p85, as shown by anti-p85 immunoblotting of the
anti-myc and anti-GST immunoprecipitates (Fig. 6A, bottom).
When we measured the specific activities of C-myc-p110 and
GST-p110, we found that the specific activity of C-myc-p110a
in cells cotransfected with p85 was increased 13-fold relative to
the activity of C-myc-p110a monomers (Fig. 6B). In contrast,
the activity of GST-p110 was increased only twofold by coex-
pression with p85, relative to the activity of GST-p110 alone
(Fig. 6B). Thus, p85 significantly increased the activity of C-
myc-p110 but had only a small effect on GST-p110. These data
suggest that both p85 and the GST N-terminal tag increase the
specific activity of p110a by a similar mechanism. This mech-
anism is unlikely to involve a specific activating protein-protein
interaction and is more likely to reflect a stabilization of the
overall conformation of p110a. Although GST-p110 is already
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FIG. 5. Activity of epitope-tagged p110a: comparison of N-terminal versus
C-terminal tags. (A) HEK 293T cells were transfected with expression vectors for
C-myc- or N-myc-p110a (30 pg) plus control vector or an expression vector for
p85 (30 pg). Forty-eight hours after transfection the cells were lysed, and anti-
myc immunoprecipitates were prepared. The immune complexes were assayed
for lipid kinase activity. Parallel samples were eluted, separated by SDS-PAGE,
and blotted sequentially with anti-p110a and anti-p85 antibodies. PI 3’-kinase
specific activity was calculated relative to p110a expression, as measured by
blotting. Data from different experiments were normalized to the activity of
C-myc-p110« in each experiment. All determinations were performed in tripli-
cate, and the data are the means * standard errors of the means from five
separate experiments. (B) HEK 293T cells were transfected with 30 (C-myc-
p110a, N-myc-p110e, and GST-p110e) or 45 ng (3HA-p110a) of DNA. The cells
were lysed after 48 h, and anti-myc, anti-HA, and anti-GST immunoprecipitates
were prepared. Lipid and protein determinations and data normalization were
performed as described for panel A. All determinations were performed in
triplicate, and the data are the means *+ standard errors of the means from four
separate experiments.

much more active than C-myc-p110, the ability of p85 to in-
crease its activity by an additional two times suggests that it is
still not maximally stabilized. The effect of p85 on an addition-
ally stabilized GST-p110 is examined below.

To directly test whether p85 stabilizes p110a in mammalian
cells, we examined the effect of p85 on the half-life of p110« in
metabolically labeled cells. HEK 293T cells were transfected
with C-myc-p110a in the absence or presence of p85 and la-
beled with [**S]methionine for 16 h. The cells were then
chased in medium containing cold methionine for the indi-
cated times, and C-myc-pl10a was immunoprecipitated with
anti-myc antibodies (Fig. 7). In the absence of p85, C-myc-

A. C-myc-p110 GST-p110 B.
|
I Anti-myc IP I IAnti-GST P 14
Anti-p110 Blot Anti-p110 Blot 12
| A L . 5 10
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FIG. 6. Effect of p85 on C-myc-p110« versus GST-p110a. HEK 293T cells
were transfected with expression vectors for C-myc p110a or GST-p110« in the
presence of a control vector or the expression vector for p85. (A) Anti-myc or
anti-GST immunoprecipitates (IP) were blotted with anti-p110 antibody (top
lanes) or anti-p85 antibody (lower lanes). (B) Protein and lipid kinase activities
in anti-myc or anti-GST immunoprecipitates were calculated as described in the
legend for Fig. SA. The data are expressed as the fold stimulation for each
construct in the presence versus the absence of p85. All determinations were
performed in triplicate, and the data are the means *+ standard errors of the
means from two separate experiments.
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FIG. 7. Stabilization of p110 by p85 in mammalian cells. HEK 293T cells
were transfected with vectors for C-myc-p110 in the absence or presence of p85.
Thirty-six hours after transfection the cells were labeled with [>>S]methionine
overnight and then chased for the indicated times in medium containing 10X
methionine. The cells were lysed, and immunoprecipitated p110 was separated
by SDS-PAGE and visualized by autoradiography. The data are representative of
two separate experiments.

p110a turned over with a half-life of approximately 1 h and was
completely gone by 5 h. In contrast, C-myc-p110a/p85 dimers
were significantly more stable, with an approximate half-life of
5 h. We also found that the half-life of GST-p110 in [**S]me-
thionine-labeled cells was significantly greater than that of
C-myc-p110 (data not shown). Thus, pl110a was stabilized by
dimerization with p85 or linkage to a bulky N-terminal tag.

Monomeric pl10« is temperature sensitive in mammalian
cells. While these data suggest that the rescue of monomeric
p110a activity by p85 in mammalian cells reflects a stabilization
of the catalytic subunit, they do not explain why this is not
observed when the proteins are expressed in insect cells. We
noted that a major difference between mammalian and insect
culture systems is the low temperature (27°C) used for Sf-9
cells and reasoned that this might affect the stability of a
conformationally labile p110a monomer. We therefore com-
pared the activities of C-myc-p110a monomers in HEK 293T
cells grown at 37 versus 30°C. Strikingly, the specific activity of
C-myc-pl10a in HEK 293T cells was increased 15-fold by
culture at 30°C (Fig. 8A), consistent with idea that monomeric
p110a is conformationally unstable.

The effect of p85 on thermal stability was examined in vitro
by producing p110a monomers and p85/p110a dimers in Sf-9
cells and then incubating them for 30 min at various temper-
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FIG. 8. Effect of temperature on the activity of p110a. (A) HEK 293T cells
were transfected with expression vectors for C-myc-p110a and then maintained
for 48 h at 37 or 30°C. The cells were then lysed, and protein expression and lipid
kinase activities were determined as described in the legend for Fig. 5A. All
determinations were performed in triplicate, and the data are the means * stan-
dard errors of the means (SEM) from two experiments. (B) Recombinant p110
or p85/p110 dimers were incubated at the indicated temperatures for 30 min.
After being chilled on ice, the samples were assayed for lipid kinase activity at
22°C. The data are the means = SEM from three separate experiments.
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FIG. 9. Inhibition of p110 by p85 in mammalian cells. HEK 293T cells were
transfected with GST-p110« in the presence of control vector or p85 expression
vector as indicated. After 48 h at 30°C, the cells were lysed and protein and lipid
kinase activities were determined. The activities were normalized to the activity
of GST-p110a. All determinations were performed in triplicate, and the data are
representative of four separate experiments.

atures prior to assay at 22°C (Fig. 8B). In the absence of p85,
pl10a was strikingly sensitive to elevated temperatures and
lost half its activity after 30 min at 35°C. In contrast, the
activity of p85/p110a was minimally affected until tempera-
tures reached 40°C or higher. These data confirm the hypoth-
esis that monomeric p110 is thermally unstable and suggest
that p85 increases the activity of p110a in mammalian cells by
stabilizing the catalytic subunit.

Inhibition of p110« by p85 in mammalian cells. To further
reconcile the data derived from the insect and mammalian
systems, we sought to determine whether p85 acts as an inhib-
itor of p110a in mammalian cells. To do this, it was necessary
to experimentally segregate the stabilizing effects of p85 from
its potential inhibitory effects. We therefore measured the ac-
tivities of p110a and p85/p110a under conditions designed to
maximize the stability of the p110a monomer. We transfected
HEK 293T cells with the GST-p110a cDNA in the presence of
empty vector or p85 expression plasmid, and cultured the cells
at 30°C. p85 immunoblots of anti-GST immunoprecipitates
demonstrated that p85 associated with GST-p110a in cells
grown at 30°C (data not shown). Interestingly, coexpression of
p85 with GST-p110 in HEK 293T cells caused a 50% decrease
in the specific activity of GST-p110, compared with the activity
of GST-p110 alone (Fig. 9). This result is similar to the data
obtained with recombinant baculovirus p110a (Fig. 1 and 2).
These data show that under conditions that optimize the sta-
bility of monomeric p110a in mammalian cells, p85 inhibits
p110« in a manner similar to that seen in insect cells.

DISCUSSION

Our data show that p85 has two distinct effects on the ac-
tivity of p110a. On the one hand, p85 binds to the N terminus
of p110« and inhibits the activity of the p110a monomer. This
effect is clearly seen under experimental conditions in which
monomeric pl10 is stable. On the other hand, p85 stabilizes
p110a. This effect is most clearly seen in mammalian cells at
37°C, a temperature at which monomeric p110«a is unstable.
The net activity of pl10a in a given experimental protocol
reflects a balance between the inhibitory and stabilizing effects
of p85 on p110a.

With regard to the inhibitory effect, we show that the p85
regulatory subunit of PI 3’-kinase decreases the activity of the
p110a catalytic subunit produced in Sf-9 cells. Given that the
binding of p85 to p110« is extremely stable (45), the basal state
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of a p85/p110a dimer is inhibited relative to the activity of
monomeric p110a. This inhibition appears to be a direct result
of dimerization with p85, since it can be readily reconstituted
in vitro and in fact can be seen with p85 expressed in bacteria
(data not shown). Similarly, we find that inhibition of p110a by
p85 is unaffected by mutation of the Ser-608 inhibitory site of
p85 or by dephosphorylation of p85 with protein phosphatase
1. We have no information as to the level of Ser-608 phosphor-
ylation in p85 produced in Sf-9 cells and can make no comment
on potential additional roles for Ser-608 in the regulation of
pl10a activity. However, the inhibition we record here is
clearly independent of p85 phosphorylation. Our results differ
from those of Woscholski et al., who reported that coexpres-
sion of p85 with p110 induced a phosphorylation-dependent
17-fold increase in the K, for ATP (45). This increase was only
seen by using PI[4,5]P, as a lipid substrate and was not seen
when p85 was reconstituted with p110«a in vitro. These data
may reflect a different phenomenon than the one described in
the present study, since the inhibition we observe is clearly
seen with PI, PI[4]P, or PI[4,5]P, and does not require the
coexpression of the two subunits.

We and others have previously shown that the activity of
p85/p110a dimers is increased when the SH2 domains of p85
bind to phosphotyrosyl proteins containing appropriate se-
quence motifs (2, 5). This increase presumably reflects a con-
formational change induced by phosphopeptide binding, since
p85 remains bound to p110 in the presence of phosphotyrosyl
proteins (2). Our current data suggest that the increased ac-
tivity of p85/p110a heterodimers when bound to phosphopro-
teins such as IRS-1 is not a true activation of p110a, but rather
a disinhibition of the p85/p110«a heterodimer. Thus, activation
of p85/p110a dimers in mitogen-stimulated cells reflects a tran-
sition between inhibited and disinhibited states. Using recom-
binant enzyme and varying the concentration of either lipid
or ATP, we find that relative V, /K, values for p85/p110a
dimers are decreased by 60 to 85% compared to that seen with
monomeric pl10a. The relative V.. /K,,, values for p85/p110«a
dimers are increased by incubation with bisphosphorylated
peptide, to within 75 to 95% of that seen with monomeric
p110a. However, the activity of “activated” p85/p110a dimers
never exceeds that of an equivalent amount of monomeric
p110a.

It is interesting to note that while inhibition of p110a by p85
was seen by using PI, PI[4]P, or PI[4,5]P, as the substrate, the
subsequent activation of the p85/p110a dimers by phospho-
peptides was less effective with PI[4,5]P, as a substrate than
with the other lipids. In this regard, Rameh and coworkers
have noted that PI[3,4,5]P; binds to the p85 SH2 domains
and can compete with tyrosyl-phosphorylated IRS-1 for p85
binding (30). Thus, it is possible that the in vitro-produced
PI[3,4,5]P; competes with phosphopeptide for SH2 domain
occupancy, reducing the resultant activation of p85/p110a dimers.

In contrast to our data obtained with recombinant enzyme
produced in Sf-9 cells, previous studies have shown that the
activity of p110a is significantly increased when the isoform is
coexpressed with p85 in mammalian cells (18), and attachment
of the iSH2 domain to p110 has been used to produce a
constitutively active enzyme (15). How can one reconcile this
apparent activation of p110 by p85 in mammalian cells with the
inhibition we observe in Sf-9 cells?

The explanation suggested by our data is that p110a is un-
stable as a monomer at 37°C but can be stabilized by the
binding of p85 to its N terminus. Although the binding of p85
to p110a requires specific interactions between the iSH2 do-
main of p85 and the N terminus of p110a (12, 14, 19), the
stabilization of p110a by p85 appears to be relatively nonspe-
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cific. It can be replaced by either synthesis at low temperature
or the attachment of a bulky N-terminal tag. The ability of
these nonspecific interventions to mimic the effects of p85
suggest that the regulatory subunit acts by stabilizing the over-
all conformation of the catalytic subunit, rather than by induc-
ing a specific activated conformation in p110«. This is sup-
ported by the increased half-life of p85/p110a dimers as
opposed to pl10a monomers in mammalian cells and by the
finding that p85 protects pl10o from thermal inactivation.
Thus, the apparent activation of p110a by p85 in mammalian
cells at 37°C does not reflect the difference between an enzyme
in its basal and activated states. Instead, it reflects the differ-
ence between a nonfunctional, destabilized enzyme and an
enzyme in its basal state.

Of the two effects of p85 on the activity of p110«, the sta-
bilizing effects are predominant when the activities of p110
monomers and p85/p110 heterodimers in mammalian cells at
37°C are compared (a 15- to 20-fold difference). However, the
stabilizing effects of p85 are less impressive when the activity of
monomeric GST-p110 is compared to that of p85/GST-p110 in
mammalian cells (a twofold difference). When GST-p110 is
further stabilized by growth of the cells at 30°C, we find that
the p110a catalytic subunit is maximally active as a monomer
and is inhibited 50% by dimerization with the p85 regulatory
subunit. This degree of inhibition is somewhat less than the
80% inhibition we see with p110a from insect cells. The lesser
degree of inhibition could be due to interactions between p85
and additional regulatory molecules present in HEK 293T
cells. Alternatively, although the conditions were designed to
experimentally segregate the stabilizing and inhibitory effects
of p85, it is likely that p85 is still somewhat stabilizing, even in
mammalian cells at 30°C. This is consistent with the finding
that monomeric p110a loses activity after 30 min at 30°C in
vitro. Attempts to culture HEK 293T cells at lower tempera-
tures were unsuccessful. Nonetheless, our data show that p85
has qualitatively similar effects on pl10a in mammalian and
insect cells under conditions that augment the stability of the
p110a monomer.

Our data are not inconsistent with the data presented by
Klippel et al. and Hu et al., who showed that the activity of
C-myc-tagged p110a was rescued by either coexpression with
the iSH2 domain of p85 or direct linkage of the iSH2 domain
to the N terminus of p110« (15, 18). The iSH2 domain of p85
presumably stabilizes monomeric p110a in much the same way
as p89, leading to an apparent activation in mammalian cells at
37°C. The iSH2 domain does not, however, appear to be a
p110a activator, since binding of the recombinant iSH2 do-
main to recombinant p110a in vitro has no effect on pl10«a
activity (46a). Similarly, the effects of a tethered iSH2 domain
are mimicked by a tethered GST moiety, suggesting that con-
formational stability rather than specific activating interactions
are involved.

In intact cells, the activity of p85/p110a dimers may also be
affected by their binding to GTP-bound ras and CDC42, SH3
domains from Src family kinases, or proline-rich proteins that
bind to the p85 SH3 domain (10, 28, 32, 47). It is not yet clear
whether these mechanisms of activation are distinct from ac-
tivation via phosphotyrosine-SH2 domain binding and whether
they would lead to levels of activity above that seen with mo-
nomeric p110a. Thus, it is possible that activation of p85/p110«
above the level of monomeric p110a occurs in the more com-
plex environment of the intact cell. Moreover, an additional
contribution to intracellular 3-phosphoinositide production
would come from the targeting of p85/p110a to cell mem-
branes. The ability of the p85 regulatory subunit to modulate
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p110a activity in response to these disparate inputs will be of
great mechanistic interest for further studies.
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